I measured nocturnal activity of 37 New Zealand long-tailed bats (Chalinolobus tuberculatus) during pregnancy, lactation, and postlactation. Availability of flying insects peaked during lactation. C. tuberculatus was active throughout the night, making 4.0 Ϯ 0.2 SE foraging bouts interspersed with roosting periods. Bats were active for 71.3 Ϯ 1.6% of the night (354 Ϯ 10.6 min). The first foraging bout was significantly longer than later bouts, but length of roosting bouts did not vary. Bats returned to the vicinity of their day colonies to roost at night. Ambient air temperature (3-21ЊC) had little influence on duration of activity. Length of active periods did not differ among reproductive females, nonreproductive females, and adult males. Reproductive females were active for significantly longer periods during lactation than during pregnancy, but not after lactation. I predict few differences between reproductive classes because energy demands are high throughout the reproductive cycle, females have different mechanisms (such as increasing foraging efficiency, using torpor, and selecting thermally beneficial roosts) for balancing high energy requirements, and energy demands limit all classes in a cold temperate climate when food is in short supply.
The length of time bats spend foraging often varies with sex, reproductive condition, energy requirements, and time of year (Anthony et al. 1981; Barclay 1989; Brigham 1991; Hamilton and Barclay 1994; Rydell 1993) . Lactation is thought to be the most costly reproductive state (Racey and Speakman 1987) , and energy demands on reproductive females are likely high compared with those of nonreproductive bats (Hamilton and Barclay 1994; Racey 1973) . Energy requirements of males are unlikely to approach those of females raising young (Wilkinson and Barclay 1997) , and males can readily enter torpor to conserve energy (Hamilton and Barclay 1994) . However, males maintain significantly higher body temperatures during spermatogenesis (En-* Correspondent: codonnell@doc.govt.nz twistle et al. 1998; Kurta and Kunz 1988) , so energy demands during summer should not be underestimated.
The New Zealand long-tailed bat (Chalinolobus tuberculatus, Vespertilionidae) is a small (8-11 g) insectivorous bat that is largely forest dwelling, gives birth to a single young once per year, and roosts alone or in aggregations from as few as 2 to 400 (O'Donnell 2001a; . C. tuberculatus is considered threatened, and its ecology is being investigated to better understand factors limiting populations (O'Donnell 2000a) .
Despite its small size, foraging home ranges of individual C. tuberculatus are among the largest recorded for Microchiroptera (up to 56 km 2 -O'Donnell 2001b) . O'Donnell (2001b) hypothesized that in the cold, temperate climate of Fiordland, New Zealand, scarcity of food forces C. tuberculatus to range widely. Lactating females have relatively small home ranges despite the probability of high energy requirements, whereas nonreproductive males and females have large ranges despite predicted lower energy needs. Once young begin flying, ranges of reproductive females increase significantly, whereas young bats remain within small ranges close to the maternity colonies.
If food supply of C. tuberculatus is limited, resulting in large home ranges and intraspecific spacing (O'Donnell 2001b) , I predict that lactating females with small range sizes would either forage for longer than other conspecifics or have more efficient foraging techniques to compensate for increased energy requirements. I also predict that all reproductive classes would need to forage for relatively long periods compared with other species where food was abundant.
I tested the 1st prediction by comparing foraging times of radio tagged lactating C. tuberculatus with other reproductive classes in the Eglinton Valley, New Zealand, from 1993 to 1996. The 2nd prediction was tested by measuring nightlong activity budgets of radio tagged bats and by comparing the results with studies of other species. Temperature and illumination also influence activity of bats (O'Donnell 2000b; Vaughan et al. 1997) ; therefore activity was also investigated in the context of varying environmental conditions.
MATERIALS AND METHODS
The study was conducted during summer in the lower Eglinton Valley, Fiordland National Park, in South Island, New Zealand (44Њ58ЈS, 168Њ01ЈE). The glaciated valley had steep sides and a flat floor, was 0.5-1.5 km wide, and was about 250-550 m above mean sea level. Tussock grasslands covered much of the valley floor. Temperate forest dominated by southern beech (Nothofagus) covered gentle glacial terraces, outwash fans, and steep slopes up to timberline at 1,000-1,200 m. Mean annual rainfall was 2,300 mm in the center of the valley, increasing to Ͼ5,000 mm/year with increasing elevation. For a full description see Sedgeley and O'Donnell (1999a) .
Bats were caught in mist nets set in the canopy of the forest. For a full description of trapping effort see . Bats were fitted with 0.7-g transmitters (model BD2A, Holohil Systems, Carp, Ontario, Canada) attached between scapulae using a latex-based contact adhesive (F2, Ados Chemical Co, Auckland, New Zealand) after the fur had been partly trimmed. Mass of transmitters represented 5.6-7.9% of mass of bats .
I recorded age, sex, and reproductive status of bats. Reproductive females were defined as animals with large bare nipples and classified as pregnant (determined by palpation of the abdomen), lactating (determined by swollen nipples or presence of milk), or postlactating. Females without visible nipples or with nipples with hair grown over them were classed as nonreproductive. Because nipples remained conspicuous after females gave birth once, females in the early stages of their 1st pregnancy could have been misclassified as nonbreeders. However, that number was probably small because all bats captured were banded, and numerous subsequent recaptures (n ϭ 3,102-O'Donnell 2000c) indicated whether they had bred that season. If phalangeal epiphyses had not yet fused or banding date indicated they were young-of-the-year, bats were classed as juveniles (Racey 1974) .
Sixty bats were radio tracked during late spring and early autumn, October-March, in 3 years: 13 in 1993 -1994 , 18 in 1994 -1995 , and 29 in 1995 . The sample of age and sex classes tracked depended on composition of those caught in mist nets, rather than being an equal sample from each class. Bats were monitored for as long as transmitters remained attached and functional (X ϭ 11.9 Ϯ 0.9 SE, range ϭ 1-28 days).
Trees containing C. tuberculatus colonies were located during the day by radio tracking using a receiver (model TR4, Telonics, Mesa, Arizona) and a 3-element hand-held yagi antenna (Sirtrack, Havelock North, New Zealand). O'Donnell (2001b) and provide additional details on telemetry.
Bats were tracked beginning the night after the transmitter was attached until the transmitter fell off or failed. Bats were monitored continuously through the night from time of emergence from day roosts until return to their roost for the next day on clear nights with no rain or drizzle. Bat behavior was defined as active when the pulse for the radio signal was erratic or clearly moving in 1 direction. When the bat was no longer moving (signal was stationary and had a constant pulse amplitude), the bat was considered to be roosting. Temperature (ЊC) and percentage cloud cover were recorded at the start and end of each activity or roosting bout. Data for radio-tagged bats were assigned to 4 classes (reproductive female, nonreproductive female, adult male, and juvenile) for each of 3 stages of the reproductive cycle (pregnancy, late Octobermid December; lactation, mid December-late January; postlactation, late January-March).
Active bats were tracked from a vehicle using a scanning receiver (model ATS 2100, Advanced Telemetry Systems, Isanti, Minnesota) with a 160 MHz omnidirectional aerial (Tait Electronics, Christchurch, New Zealand) and rotating 3-element Yagi antennae. Hand-held TR4 receivers and Yagi antennae were used to locate night-roosting bats. Locations (fixes) of active bats and of night roosts were obtained by close approaches where the observer circled a small area around a transmitter signal and deduced that the radio-tagged bat was within it (White and Garrott 1990) . Where close approaches were not possible, the vehicle was driven along the valley until the antenna was at right angles to the strongest signal of the transmitter. Direction of signal and signal strength were recorded. Locations of bats were estimated using a combination of signal strength, knowledge of the terrain, and observer experience (O'Donnell 2001b) . Approximate location of each bat was plotted on New Zealand Map Series 260 topographical maps D41 and D42. Each location was recorded as a 6-figure grid reference (Ϯ100 m).
An index of insect activity was recorded using a variation on spotlight sampling (O'Donnell 2000b; Taylor and O'Neill 1988) . Large flying insects (generally 10-40 mm in length) illuminated in the headlights (high beam) of a vehicle (Toyota Hilux) were counted by the driver while traveling at 80 km/h (see O'Donnell 2000b for details). On nights when radio tracking took place, two 5-km transects along roads were driven during the first 2 h after sunset. Transects were along forest edge and through open grassland habitats. Counts were categorized according to pregnancy, lactation, and postlactation periods. Average number of insects recorded per kilometer provided a relative index of abundance rather than absolute numbers of individual insects.
I only used data in the analysis for nights when bats were followed continuously and the signal was not lost. This avoided biasing results to periods of the night when bats were more easily detected, but it reduced potential sample size. Statistical analyses were performed using Statistix for Windows 1.0 (Analytical Software 1996). Comparisons were made for 9 classes: reproductive females, nonreproductive females, and males during pregnancy; reproductive females, nonreproductive females, and males during lactation; and reproductive females, males, and juveniles during postlactation. No data were collected for nonreproductive bats during postlactation. Activity among classes was compared using parametric 1-way analysis of variance (ANOVA). When significant differences among categories were found, pairwise comparisons between means were performed using Tukey's test. There were 2-4 full nights of observations for each bat, so average values for each individual were calculated to avoid pseudoreplication. Transforming indices of insect availability and data on cloud cover did not improve normality of data distributions (Wilk-Shapiro statistic, W). Therefore insect indices were compared among pregnancy, lactation, and postlactation periods using Kruskal-Wallis H-tests with pairwise comparison of mean ranks using z-tests (Conover and Iman 1981) . More complex modeling of the relationship between reproductive-age classes and environmental variables on activity was not attempted because exploratory analysis indicated that temperature and cloud cover had no effect on activity, and insect counts were not undertaken concurrently with the active and roosting bouts recorded. Statistics are given as mean Ϯ SE unless otherwise stated.
RESULTS
Nocturnal activity patterns were recorded for 37 of the 60 bats tracked (4 pregnant, 7 lactating, 5 postlactating females; 6 nonreproductive females; 7 adult males; 8 juveniles). Nine bats were tracked during the pregnancy period, 13 during lactation, and 15 during postlactation.
Chalinolobus tuberculatus remained active throughout the night, averaging 4.0 Ϯ 0.2 activity bouts (range ϭ 2-6) interspersed with 3.0 Ϯ 0.2 stationary periods (range ϭ 1-5) for all classes combined. The average number of active and roosting bouts per night was not significantly different among the 9 reproductive and age classes (F ϭ 0.65, d.f. ϭ 8, 28, P ϭ 0.73; Fig.  1 ). In the Eglinton Valley there were 8-9 h of darkness (sunset-sunrise) per night during summer. C. tuberculatus spent on average nearly 6 h (71.3 Ϯ 1.6%) of each night flying (X ϭ 354 Ϯ 10.6 min, range ϭ 233.5-491.0 min) and about 2.5 h (28.7 Ϯ 1.6%) roosting (X ϭ 146.0 Ϯ 10.3 min, range ϭ 44-311.7 min). Average duration of active bouts varied significantly among the 9 age and reproductive classes (F ϭ 2.71, d.f. ϭ 8, 28, P ϭ 0.03; Fig. 2) . However, in the overall comparison there were no significant pairwise differences between mean periods of activity for any class except between reproductive females during lactation and juveniles during postlactation (Tukey's critical Q ϭ 4.77, P Ͻ 0.05). All classes were active for most of the night. Night length was shorter during lactation than during pregnancy and postlactation by Ͻ30 min.
The relatively large sample of reproductive females allowed me to compare activity bouts during pregnancy, lactation, and postlactation. Activity varied significantly among these periods (F ϭ 4.9, d.f. ϭ 2, 13, P ϭ 0.03). Bats spent a significantly shorter time active during pregnancy than during lactation (P Ͻ 0.05). Pairwise comparisons between pregnancy and postlactation, and between lactation and postlactation were not significantly different (Tukey's critical Q ϭ 3.75, P Ͼ 0.05).
Duration of active bouts by bats were variable because flights were significantly longer in the early part of the night and they became shorter as the night progressed (F ϭ 30.33, d.f. ϭ 5, 31, P Ͻ 0.001; Fig. 3 ). Pairwise comparison of means indicated that the first bout was significantly longer than later bouts (Tukey's critical Q ϭ 4.03, P Ͻ 0.05), but there were no significant differences in average bout length, including the 1st, between classes (F-tests, P Ͼ 0.29). The duration of roosting bouts did not vary for any class (F ϭ 0.45, d.f. ϭ 4,31, P ϭ 0.81; Fig. 3) . The long bouts of activity in- volved commuting up to 19 km between roosting and foraging areas. A 100% minimum convex polygon plotted around all active fixes indicated bats tracked through this study ranged over 117 km 2 (see O'Donnell 2001b). Bats almost always returned to the vicinity of their day-colonies to roost at night (n ϭ 299 night roosts) rather than remain in foraging areas.
Bats were active when temperature ranged between 3 and 21ЊC (X ϭ 11.4 Ϯ 0.18ЊC). Temperature had little influence on the duration of active bouts within the range of temperatures sampled. There was a weak correlation between duration of the 1st activity bout and temperature at the beginning of the bout (r s ϭ 0.22, P ϭ 0.04) but not for subsequent bouts (r s ϭ Ϫ0.21 to 0.43, P Ͼ 0.26, for bouts 2-6). There was no relationship between temperature at the beginning of the bout and number of active bouts per night (r s ϭ Ϫ0.05, P ϭ 0.69) or length of stationary bouts (r s ϭ Ϫ0.09, P ϭ 0.31), and there was no correlation between cloud cover and length of active or roosting bouts (r s ϭ Ϫ0.05, P ϭ 0.35 and r s ϭ Ϫ0.09, P ϭ 0.17, respectively).
The . Along forest edge, the index was significantly higher during lactation than in other periods (pairwise comparison of mean ranks, critical z ϭ 2.39, P Ͻ 0.05), whereas the index adjacent to grasslands was significantly lower during pregnancy than in other periods (P Ͻ 0.05).
DISCUSSION
Lactation is thought to be the most energetically expensive stage of reproduction for bats (Barclay 1989; Kurta et al. 1989; McNab 1982; Racey 1973; Racey and Speakman 1987; Roverud and Chappell 1991) . However, contrary to predictions assuming increased energy costs of lactation, reproductive C. tuberculatus were not active for any longer during lactation than postlactation, although activity was shorter during pregnancy than during lactation. Duration of activity may be similar among classes of reproductive females because pregnant bats also have relatively high energetic requirements because they carry heavy loads (Aldridge and Brigham 1988) and the fetus needs additional energy to de-velop (Racey and Swift 1981) . Postlactating females would also have high energy requirements. This is because of a reduction in insect availability in autumn, larger home range movements of postlactating females (O'Donnell 2001b) , the need to build up fat reserves to prepare for winter, and potentially poor body condition following lactation.
Lactating female C. tuberculatus appear to employ other mechanisms to maintain a favorable energy balance. Increased energetic demand of lactation coincided with significant increases in availability of flying insects, so foraging efficiency was likely greater. Preliminary monitoring of C. tuberculatus using temperature-sensitive radio transmitters indicates that reproductive females also use daily torpor during the summer to save energy (P. Webb, in litt.). In addition, these bats select roosting cavities with microclimates that confer significant energy savings (Sedgeley 2001) .
More surprisingly, reproductive females were similar to nonreproductive females and adult males in duration and periods of activity. All 9 reproductive age classes were active through most of the night. The only significant difference was that juveniles were active for a significantly shorter proportion of the night than lactating females. These data contrast with those from other research that hypothesized juveniles would forage longer to compensate for under-developed prey-capturing skills (Brigham 1991 ). An increase in home-range size and movement of adults to more distant foraging sites during postlactation (O'Donnell 2001b) may assist less-mobile juveniles to obtain food through reduced competition.
I found no evidence to suggest that long activity bouts resulted from extra energy demands of carrying radio transmitters. Radiotagged bats emerged at dusk and returned to roosting sites at dawn at times similar to those of untagged bats. Lactating females also returned to maternity colonies to suckle and move their young at times similar to those of untagged bats (O'Donnell and Sedgeley 1999; Sedgeley and O'Donnell 1996) . In addition, surveys with bat detectors indicate that numerous other C. tuberculatus were also active at all times of the night and at sites distant from the roosting area (Jansma 1996; O'Donnell 2000b).
Presumably, activity bouts were largely dedicated to foraging, with bats either searching for prey or commuting between foraging areas or between foraging and roosting areas. Automatic bat detectors placed throughout the study area (Jansma 1996 ; O'Donnell 2000b) recorded terminal echolocation buzzes throughout the night, indicating that foraging occurred (Griffin et al. 1960) . Activity may have also been related to social behavior such as has been found in other bats (Daniel 1990; Rydell 1986) . It is unlikely that extended activity was related to searching for roosts because all roost sites were in close proximity (O'Donnell 2000c (O'Donnell , 2001b . Nightlong activity was unlikely related to low predation pressure because owls (Ninox novaeseelandiae), which regularly attempt to catch bats, were common in the study area (Dwyer 1962; Sedgeley and O'Donnell 1999b) .
The long periods of activity suggest that energy budgets of all age and sex classes were constrained by similar factors, such as low food supply. O'Donnell (2001b) predicted that food supply is limiting for C. tuberculatus in the cold temperate climate of Fiordland. C. tuberculatus used large ranges (usually Ͼ1,000 ha) and were highly mobile, and there was little overlap among foraging ranges (O'Donnell 2001b) . Microchiropteran bats sometimes congregate at widely spaced but abundant food patches (Bell 1980; Furlonger et al. 1987; Vaughan 1980) . If C. tuberculatus did likewise, there should have been considerable overlap of individual core areas of foraging grounds. On average about 57% of core areas of individuals did not overlap others from the same social group. If food was abundant it seems unlikely that they would have needed to forage throughout the night. Lactating females and juveniles had significantly smaller home ranges than other classes, implying that they spent less time commuting. However, other classes of bats flew rapidly (Ͼ40 km per h-O'Donnell 2001b) between roosting and foraging areas, so they spent little extra time during the night commuting.
There is little evidence that food is a limiting resource for most animal-eating bats, even though it is often cited as a factor limiting their numbers (Fenton 1990 ). Nevertheless there is strong evidence that food availability influences density and home range size in other mammals (Alterio 1998; Fitzgerald et al. 1981; King 1983; Newsome 1969; Tufto et al. 1996) and birds (Davies and Hartley 1996; Enoksson and Nilsson 1983) . Animals tend to increase their home range size to compensate for limited food availability in some locations and during some seasons or years (Davies 1978) , and this has consequences for annual productivity and survival (King 1983) .
Chalinolobus tuberculatus is a relatively fast-flying edge bat that hawks for insects. Similar species of bats have relatively small home range sizes (Fenton 1990 (Fenton , 1997 and are active for relatively short periods of the night. Typically, small, aerial-feeding bats are active for 1 or 2 periods per night. They forage intensively at dusk for 1-3 h but return to a roost, often for much of the night, before foraging occasionally again towards dawn (Anthony and Kunz 1977; Anthony et al. 1981; Catto et al. 1995; Maier 1992; Swift 1980) . Some species are known to forage throughout the night, but most are large-eared gleaners that do not rely on the flush of flying insects at dawn and dusk (e.g., Plecotus, Myotis -Audet 1990; Clark et al. 1993) .
Lactating females move to new roosting sites virtually every day (O'Donnell and Sedgeley 1999) and need to allow time to care for and move young (Fuhrmann and Seitz 1992) . Despite this, roosting times of lactating females were similar to those of other classes, implying that suckling young did not add to the duration of night-roosting bouts. When females moved to their new roosting sites they spent only 1-5 min collecting their young before flying off .
Bats of temperate forests tend to shift to new roosting sites frequently (Lunney et al. 1995; Ormsbee 1996; Rieger 1996; Vonhof and Barclay 1996) . Moving to a new site potentially has high energetic costs (Lewis 1995) . However, these costs may be relatively low compared with undertaking nightly long-distance foraging trips of the magnitude displayed by C. tuberculatus. One hypothesis cited to explain roost switching is that lability enables bats to remain close to changing food patches, thus cutting down commuting time between roosting and feeding areas (Lewis 1995) . This was not the case in C. tuberculatus or in several other studies (Brigham 1991; Fenton 1983; Lewis 1996) . Maintaining the same small roosting areas common to all bats within a social group will lower energy costs involved in searching for roost companions (O'Donnell 2000c).
Temperature had little effect on the duration of foraging bouts. Approximately 37% of bouts started when temperature was Ͻ10ЊC. Activity periods of C. tuberculatus were much longer than those recorded in other species of bats in warm temperate areas (15 to Ͼ30ЊC- Anthony et al. 1981; Brigham 1991) . C. tuberculatus also remained active at temperatures below the threshold at which other bats reduce their flights (10-12ЊC- Anthony et al. 1981; Wilkinson and Barclay 1997) , and flying insects were detected at temperatures as low as Ϫ1ЊC (O'Donnell 2000b). Insect and bat activity may be suppressed on nights when skies are brighter (Erkert 1982; Hecker and Brigham 1999) . However, there was no detectable effect of cloud cover on C. tuberculatus; they were just as active on clear nights as on overcast ones, although they may have shifted to alternate habitats (Fen-ton et al. 1977) . Thus, net benefits to C. tuberculatus must have been high enough to warrant continued activity in cold conditions and on bright nights.
In summary, foraging times varied little among different reproductive classes of long-tailed bats through the summer breeding cycle. I predict that differences do not occur for 3 reasons. Firstly, energy demands are high throughout the female reproductive cycle. Secondly, reproductive females have different mechanisms (such as increasing foraging efficiency, using torpor and selecting thermally beneficial roosts) for balancing their high energy requirements. Lastly, energy demand limits all classes in the cold temperate climate of Fiordland because food is in short supply, forcing C. tuberculatus to be active through much of the night. Further investigation is needed to identify the mechanisms used by lactating C. tuberculatus to meet their energy requirements and to test these hypotheses.
